The cellular lipids of 11 strains of Treponemu hyodysenteriae and 10 strains of non-enteropathogenic, weakly beta-hemolytic spirochetes classified as Treponema innocens were extracted with chloroformmethanol and analyzed by thin-layer and gas-liquid chromatography for fatty acids, alkenyl moieties, alkenyl ether lipid compositions, monoglycosyldiglyceride, acylmonoglycosyldiglyceride, and the types of sugars in the glycolipids. Most strains were distinguishable at the species level on the basis of the ratio of 14:O to is0-15:O alkenyl moieties; 14:O moieties predominated in most T. hyodysenteriae strains, whereas most strains classified as T. innocens contained more is0-15:O moieties. The other aspects of lipid composition were not useful for differentiation. All of the strains had similar cellular fatty acid profiles and contained monoglycosyldiglyceride. The mean alkenyl ether lipid compositions were 48 and 32% of the total lipids of strains of T. hyodysenteriae and T. innocens, respectively. Galactose was the predominant sugar in the glycolipids of 18 strains, 17 of which also contained acylmonoglycosyldiglyceride. Three strains classified as T. innocens contained primarily glucose in their glycolipids and did not contain acylmonoglycosyldiglyceride. Gas-liquid chromatographic determinations of the alkenyl chain profiles of the extractable cellular lipids provided useful information for differentiation of the etiological agent of swine dysentery from morphologically similar, nonpathogenic spirochetes.
Mammalian intestinal tracts contain a large array of anaerobic microorganisms, including spirochetes (5, 7, 8, 32) . Treponema hyodysenteriae, the primary etiological agent of swine dysentery (6) , and Treponema innocens, a nonpathogenic enteric spirochete of swine (13) , are two of the most widely studied of the intestinal spirochetes. The deoxyribonucleic acids of these organisms have guanine-plus-cytosine contents of 25.8 mol% and exhibit 28% homology (28) , and the organisms are remarkably similar morphologically and biochemically. An in vivo test for enteropathogenicity (11, 12, 14, 15) is the most definitive test for distinguishing the two species. The most widely used differential in vitro test is simply a test of the degree of beta-hemolysis produced on blood agar; less complete hemolysis is produced by T. innocens than by T. hyodysenteriae (13, 19) . Identification on the basis of conventional biochemical characteristics does not appear to be reliable in view of the conflicting results from different laboratories (13, 19, 31) . Enzymatic tests (9) and serological methods in the form of growth inhibition (18) and slide agglutination (3) tests have been reported to be differential.
Fatty acid profiles of cellular lipids (2, 10, 16, 26, 30) and sometimes complex lipid compositions (16) are useful in taxonomic placement of bacteria. Phospholipid and glycolipid compositions have been proposed as differential traits of the spirochetal genera Spirochaeta, Treponema, and Leptospiru (21). Matthews et al. (24, 25) have reported that the lipids of T. hyodysenteriae B78T (T = type strain) and T. innocens B256T differ markedly from each other, as well as from the lipids of other treponemal species.
The objective of this investigation was to examine the lipids of 21 strains previously classified as T. hyodysenteriae or T. innocens to determine to what extent differences in lipid composition previously reported for the type strains correlate with identification of these species based on enteropathogenicity and the amount of beta-hemolysis produced. 
MATERIALS AND METHODS
Treponemal strains. A total of 11 strains of T. hyodysenteriae (strains B78T [= ATCC 27164T], A-1,9605, Dys-7, B254, B169, B234, B140, B204, JWPM 300/8, and B153), including strains of each of the four serotypes proposed by Baum and Joens (l), and 10 strains classified as T. innocens (strains B256T [= ATCC 29796T], Puppy, Dys-676, B6580, B297, B6571, 4/71, 1555a, B359, and B6830) were obtained from the culture collection at Iowa State University by one of us (J.M.K.). The strains of T. hyodysenteriae had been classified on the basis of being enteropathogenic for swine or mice or both and on the basis of producing complete betahemolysis on blood agar, whereas nonpathogenic but morphologically similar strains that were weakly beta-hemolytic had been classified as T. innocens (11-14; Kinyon, unpublished data).
Growth of organisms. The treponemes were grown at 39°C with magnetic stirring bar agitation under an atmosphere of 10% C02 in N2 in Trypticase soy broth containing 0.5% glucose, 3% fetal calf serum, 0.2% sodium bicarbonate, and 0.05% cysteine hydrochloride (17) until the early stationary phase of growth. Cells were collected by filtration with a Pellicon cassette system (Millipore Corp., Bedford, Mass.) and by centrifugation at 12,000 x g for 30 min at 4°C. The organisms were washed three times with 20 mM phosphatebuffered saline (pH 7.3), lyophilized, and stored at -20°C.
Lipid extraction and analyses. Lipids were extracted with chloroform and methanol as previously described (23) and were stored in chloroform-methanol (19: 1, vol/vol) at -20°C. Monoglycosyldiglyceride (MGDG) and acylmonoglycosyldiglyceride (acylMGDG) were isolated and detected by using alpha-naphthol and by charring with sulfuric acid after thinlayer chromatography of the lipid extracts on Silica Gel H . Fatty acid methyl esters and dimethyl acetals were separated at 158°C by using 15% EGSS-X on Gas-Chrom P (100/120 mesh). Trimethylsilyl derivatives of the methyl glycosides were analyzed at 149°C by using 3% SE-30 on Chromosorb W-HP (80/lOO mesh).
Lipid constituents were identified and quantified by using authentic reference and internal standards as previously described (23, 24) and by comparison with previously characterized lipids and lipid derivatives from the type strains (24, 25) . The quantities of alkenyl ether lipids in the lipid extracts were estimated from the average chain lengths and the relative amounts of the acyl and alkenyl moieties (24) , as determined by gas-liquid chromatography. Since the other three major alkenyl components did not cochromatograph with any fatty acid from any of the 21 strains, the profiles of the combined esterified fatty acid and alkenyl moieties were also determined for each strain without prior separation of the two groups by thin-layer chromatography (Table 1 ). Figure 1 shows chromatograms for one strain typical of most of the strains classified as belonging to each of the two species. Most strains of both species were similar to their respective type strains both as to the types and as to the relative distributions of the acyl and alkenyl chains. Saturated chains comprised at least 96% of the total chains in all strains. The branched-chain compositions of all strains were similar and ranged from about 16 to 37% of the total chains, with iso-15:O fatty acid and alkenyl moieties predominating. The profiles obtained for the type strains were similar to previous results obtained by using different cultural conditions (24, 25) . Relative decreases in the iso-15:O moiety combined with increases in the 16:O fatty acid and alkenyl moieties in T. innocens B256T compared with previous results (25) were the major differences.
RESULTS

Fatty
The fatty acid profiles of the 21 strains were similar and could not be used for differentiation. Fatty acids that comprised more than 85% of the total fatty acids in each strain were the 16:0, iso-15:0, 14:0, and 18:O fatty acids (in order of decreasing relative amounts). Anteiso-15:O fatty acid and alkenyl moieties found previously and in this study to be absent in T . innocens B256T but present in T. hyodysenteriae B78T (24, 25) were found in 17 of the 21 strains.
Most strains of T. hyodysenteriae could be distinguished from the nonpathogenic strains classified as T. innocens by the relative amounts (ratio) of the 14:O and iso-15:O alkenyl moieties (Table l) , the first two peaks on the chromatograms (Fig. 1) . The relative amount of the 14:O alkenyl moiety was greater in 10 of 11 strains of T. hyodysenteriae (ratio of 14:O moiety to iso-15:O moiety greater than l), whereas the iso-15:O alkenyl chain predominated in 8 of 10 strains classified as T. innocens (ratio of 14:O moiety to iso-15:O moiety less than 1). Of the 21 strains, 2, T. hyodysenteriae B153 and T. innocens B6830, clearly differed from the other strains classified in the same species with regard to the relative amounts (ratios) of 14:O and iso-15:O alkenyl moieties. Two other strains, T. hyodysenteriae JWPM 300/8 and T. innocens B359, did not clearly fit within either group as these strains had approximately equal amounts of 14:O and is0-15:O alkenyl chains. The ratios of 14:O moieties to iso-15:O moieties for both strains were less than 1 when the alkenyl chains were analyzed after separation from the fatty acids by thin-layer chromatography, although before separation the ratios were slightly greater than 1, as shown in Table 1 .
Alkenyl ether lipids. The amounts of alkenyl ether lipids in the 21 strains are shown in Table 2 . A wide range of variation occurred in the strains, but most strains of T. hyodysenteriae had greater amounts of the ether lipids than the strains classified as T. innocens. The amounts in T. hyodysenteriae B7flT and B204 were lower than previously reported (25) , and this may have been due to the use of different cultural conditions.
Glycolipids. Thin-layer chromatography was used to determine the presence or absence of MGDG and acylMGDG in the 21 strains. These two glycolipids were well separated from each other and from other lipids in the spirochetal extracts by using chloroform-methanol-28% ammonium hydroxide (60:10:1, vol/vol). The R,-values for MGDG and acylMGDG were 0.38 and 0.62, respectively. The nearest lipids migrating below and above the two glycolipids had Rf values of 0.11 and 0.89, respectively.
All 21 strains of T. hyodysenteriae and T. innocens contained high levels of MGDG. acylMGDG was present in 10 of the 11 strains of T. hyodysenteriae and in 7 of the 10 strains classified as T. innocens. acylMGDG was not detected in T. hyodysenteriae Dys-7 or in T. innocens B256T, B297, and 4/71.
Galactose was the predominant sugar in the glycolipids of 18 of the 21 strains. Of these 18 strains, 11 contained only galactose, whereas glucose comprised 1 to 8% of the total sugar moieties in 7 strains. Three strains contained glucose as the predominant sugar (297% of the total sugar); these were the same three strains classified as T. innocens which did not contain acylMGDG (strains B256T, B297, and 4/71).
DISCUSSION
The hallmark characteristic of T. hyodysenteriae is the ability to cause enteric disease, specifically swine dysentery (13, 14) . T. innocens has been described as similar to T. hyodysenteriae but nonpathogenic (13) . The inclusion of these non-enteropathogenic spirochetes in a single species has been questioned (19) . Until the intraspecies heterogeneity of T. innocens is better defined, the question of the validity of this single species designation for the non-enteropathogenic strains will remain unresolved.
Previously, the extractable cellular lipids of type strains T. hyodysenteriae B78 and T. innocens B256 were found to differ primarily in alkenyl chain profiles, amounts of alkenyl ether lipids, and types of glycolipids (25) . A total of 21 strains classified on the basis of enteropathogenicity and beta-hemolytic activity were analyzed to determine the usefulness of these differences in lipid compositiqn in differentiating T . hyodysenteriae from nonpathogenic, weakly beta-hemolytic isolates considered to be T. innocens. Differences in alkenyl chain profiles, particularly the relative amounts of the 14:O and iso-15:O alkenyl moieties, correlated well with enteropathogenicity and beta-hemolytic activity for distinguishing isolates of T . hyodysenteriae from isolates of T . innocens. Most T . hyodysenteriae strains contained more 14:O alkenyl moiety than is0-15:O alkenyl moiety, whereas the opposite relationship was true for the majority of T. innocens strains. Both species were somewhat heterogeneous in that the alkenyl chain profiles of two strains of each species did not correlate with enteropathogenicity and hemolytic activity as found for the other 17 strains.
Although alkenyl chain profiles are not conclusively differential, they are potentially useful when combined with other tests for identification of T. hyodysenteriae and T . innocens. The need for in vitro differential tests is apparent from the lack of agreement concerning the value of the relatively limited number of tests which have been proposed. The only generally accepted, although somewhat subjective, in vitro differential test is the test for the degree of betahemolysis produced on blood agar (12) (13) (14) 19) . Hemolytic activity correlates directly with enteropathogenicity (13, 14), except for rare exceptions (3). Kinyon and Harris (13) described the two species as differing in fructose fermentation and indole production. Lemcke and Burrows (19) could not distinguish T . hyodysenteriae from other intestinal spirochetes from swine by fructose fermentation; indole production was also found not to be an absolute criterion for differentiation, but these authors believed that it might be helpful when combined with other criteria since all of their 31 strains of T. hyodysenteriae produced indole and 13 of 28 weakly beta-hemolytic strains did not (3). Picard et al. (31) found neither trait useful but reported that differentiation was possible by lactose fermentation and isovaleric acid production, which neither Kinyon and Harris (13) nor Lemcke and Burrows (19) found useful. Hunter and Wood (9) reported that enzymatic assays differentiate spirochetal strains asspciated with swine dysentery from strains that are not related to the disease, but few investigators seem to have used these assays. Serological methods such as slide agglutination (3) and growth inhibition (18) tests have also been reported to be differential, but these require specific antisera that are not widely available.
Differentiation of T . hyodysenteriae and T . innocens on Table 1 ). Analyses were made on a 15% EGSS-X column. The number to the left of each colon indicates the number of carbon atoms; the number to the right of each colon indicates the number of double bonds. FA, Fatty acid (methyl ester); A, alkenyl moiety (dimethyl acetal); i, is0 branched; ai, anteiso branched. the basis of alkenyl chain profiles basically involves only two alkenyl chains, the 14:O and iso-15:O moieties. These are the first peaks to emerge during gas-liquid chromatography and are separated from other alkenyl peaks, as well as from esterified fatty acids that are also in the treponemal extracts. Therefore, analyses can be performed without a preceding purification procedure using thin-layer chromatography, which is usually required to separate alkenyl moieties from fatty acids before each group is analyzed separately; thus, the analytical process is greatly simplified.
Most treponemes that require serum for growth cannot synthesize fatty acids (21) . Fatty acids are incorporated unchanged from the medium into the treponemal lipids; this results in the fatty acid compositions of the spirochetes and the medium being very similar (21, 27) . In contrast, T. hyodysenteriae and T. innocens can apparently synthesize fatty acids, as well as alkenyl chains. The fatty acid and alkenyl chain profiles of these organisms are quite unlike the composition of the serum-containing medium (24, 25) . Therefore, it is unlikely that changes in the medium fatty acid content would affect the ratio of 14:O to iso-15:O alkenyl moieties in the two species. However, it is well known and should be remembered that growth conditions can affect the lipid compositions of bacteria, so other changes in cultural or media conditions might influence the alkenyl chain profiles.
Although cellular fatty acid profiles are widely used in bacterial classification (2, 10, 16, 26, 30) , little use has been made of alkenyl chain profiles for this purpose (29) . Since alkenyl ether lipids are widespread among anaerobic bacteria (4, 24) , alkenyl chain profiles may have wider application as a differential aid among this group of bacteria.
Most strains of T. hyodysenteriae contained proportionately more alkenyl ether lipids than found in the T . innocens strains. The alkenyl ether lipid compositions are of doubtful differential usefulness but do indicate basic differences in ether lipid metabolism in these two spirochetal species. These kinds of lipids, although common among anaerobic bacteria (4), have been found in small amounts in only one other spirochetal species (27) .
We found no correlation between the types of glycoljpids present in the 21 strains and other differential criteria. MGDG, which occurs commonly as the major lipid in all Treponerna species (21) except Treponema pallidurn (23) and in all other members of the Spirochaetafes (20) (21) (22) 28) except Leptospira of the spirochetes examined thus far, was found in all 21 strains. acylMGDG, which had previously been found among spirochetes only in T. hyodysenteriae B78T and B204 (24, 25) , occurred in 17 strains.
Although the types of sugar in the glycolipids of T. hyodysenteriae B7gT and T. innocens B256T differ (24, 25), this was not generally true for other strains of the two species. Spirochetal glycolipids usually contain galactose as the only sugar moiety, or galactose predominates in combination with glucose (21) . This was also true of 18 of the 21 strains examined in this study. Only three strains considered to be T. innocens contained glycolipids with only glucose, a trait shared with some Spirochaeta species (21) .
In summary, our data indicate that alkenyl chain profiles, specifically the ratio of 14:O to iso-15:O alkenyl moieties, can be used as an aid in the identification of T. hyodysenteriae and T. innocens. These profiles are not an absolute criterion but can be used in conjunction with other tests. The close taxonomic relationship of the two species was emphasized by the consistent similarities in the cellular fatty acid profiles of the 21 strains examined. Although all strains had relatively large amounts of alkenyl ether lipids, a trait not shared 
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a Percentages represent the moles of the alkenylacyl forms of the lipids per 100 mol of total diacyl and alkenylacyl forms, as calculated from the molar ratios of the total alkenyl moieties to the total fatty acids determined by gas-liquid chromatography.
For T. hyodysenteriae the mean k standard deviation was 48 k 8%; for T. innocens the mean k standard deviation was 32 k 7%. Note that for 10 of 11 T. hyodysenteriae strains the values were ?41%, whereas for 9 of 10 T. innocens strains the values were 539%.
with other spirochetes that have been investigated, T . hyodysenteriae strains tended to have greater amounts than T. innocens strains. The glycolipid compositions of most strains were also similar and consisted of MGDG and acylMGDG with galactose as the predominant sugar moiety. However, three strains of T . innocens, including the type strain, contained MGDG with glucose predominating and did not contain acylMGDG.
